Se investigan los resultados del empleo del modelo US-EPA MOVES2010a para calcular los factores de emisión del parque vehicular mexicano, y se comparan dichos resultados con las estimaciones del Inventario Nacional de Emisiones de México (INEM) de 2005. El estudio muestra que los factores de emisión PM2.5 basados en modelos, actualizados a partir de estudios recientes, pueden tener un impacto significativo en la estimación de emisiones de PM2.5 procedentes de fuentes móviles en México. Porcentajes mayores de vehículos antiguos tienden a incrementar las estimaciones de emisiones PM2.5 cuando se utiliza el modelo MOVES2010a en comparación con las del INEM 2005; sin embargo, el impacto global sobre las emisiones de material particulado varía según la cantidad y antigüedad de los vehículos, y de acuerdo con los porcentajes de vehículos antiguos impulsados por diesel y gasolina en el parque vehicular de cada entidad federativa. Los resultados también indican que las estimaciones de PM2.5 con MOVES2010a fueron particularmente sensibles a la velocidad vehicular, la temperatura ambiente y el contenido de azufre, pero no a la humedad relativa. Hay una gran necesidad de comprender las características del material particulado fino emitido por vehículos impulsados por diesel o gasolina en las principales zonas urbanas de México.
Introduction
The effects of atmospheric particulate matter (PM) on human health have been well documented in recent years; the overall literature provides reasonably compelling evidence that ambient PM air pollution contributes to cardiopulmonary morbidity and mortality (e.g., Pope, 2010) . There is also evidence of induced hemolysis and DNA degradation from PM Quintana et al., 2011) . Furthermore, airborne PM adversely affects visibility and ecosystems, and influences climate. Yet, there are still large uncertainties in the characterization of the properties, composition, evolution, and sources of PM in many urban as well as rural areas. Therefore, it is important to address the uncertainties in the characterization of PM during the design of future air quality management programs (Bachmann, 2010) .
Emissions from on-road mobile sources contribute substantially to harmful concentrations of airborne particulate matter in many urban areas and the PM emissions estimates from mobile sources is currently a major challenge and an active area of research (CRC, 2010) . For example, recent field studies in Mexico City (Molina et al., 2007 have shown that mobile sources emit abundant amounts of primary PM and that their emissions estimates in current official emissions inventories are highly uncertain (Aiken et al., 2009; Zavala et al., 2009a) . Uncertainties in emissions inventories may arise when model-based techniques are used for the estimation of PM emissions from mobile sources due to propagations of uncertainties in: (1) the databases for inventorying and classifying the vehicle's activity levels, number and fuel characteristics, as well as roads type, driving modes, and ambient data representative of the local conditions; (2) the use of non-locally measured and model-based emissions factors. Because these sources of uncertainties are common during the use of "bottom-up" techniques for the development of emissions inventories, it is expected that similar error propagations may apply to PM emissions estimates from mobile sources in other urban areas of Mexico. Therefore, the extent at which non-locally measured and modeled-based emissions factors can be used for estimating PM emissions from mobile sources in Mexico is an important research question.
Research on emissions from mobile sources in Mexico first started in the 1990s focusing on gas-phase emissions in the vehicle fleets in Mexico City and a few other cities using remote sensing techniques (Beaton et al., 1992; Bishop et al., 1997) , a tunnel study (Múgica et al., 1998) , and analyses of ambient data (Riveros et al., 1998) . These earlier studies showed that hydrocarbon and CO emissions from vehicle fleets in Mexico in general were vastly greater than in cities in North America or Europe at that time, partly due to the large fraction of vehicles without emission control devices. Most of these studies used dynamometer-based measuring techniques and investigated the effects of various parameters such as types, properties, and blend characteristics of fuels (Gamas et al., 1999; Díaz et al., 2000; Schifter et al., 2000a Schifter et al., , b, c, 2001 Schifter et al., , 2003a Schifter et al., , 2004 , engine technology (Schifter et al., 2000d; Jazcilevich et al., 2007) , toxic emissions (Schifter et al., 2000e) , and inspection and maintenance programs (Riveros et al., 2002; Schifter et al., 2003b) on the emissions from light-duty gasoline vehicles. These laboratory studies helped to better understand the emission characteristics of the vehicle fleet in Mexico City at that time and were pivotal for supporting and designing emission-based air quality control strategies. Nevertheless, these studies mostly focused on gas-phase emissions factors from light-duty gasoline vehicles in Mexico City and there is still a large gap of PM emissions measurements and information on emissions from vehicle fleets in the rest of the country.
More recent measurements of emissions factors from mobile sources in Mexico City under realworld driving conditions were obtained using remote sensing techniques (Schifter et al., 2003c (Schifter et al., , 2008 , and mobile laboratory measurement techniques in the dedicated MCMA-2002 MCMA- /2003 and MILAGRO/MCMA-2006 field campaigns (Jiang et al., 2005; Rogers et al., 2006; Zavala et al., 2006 Zavala et al., , 2009a Thornhill et al., 2010) . These studies provided valuable information on the chemical composition of gases and PM emitted from mobile sources in Mexico City and highlighted the important contributions of emissions from diesel-powered vehicles to pollutants concentration levels in Mexico City. However, there is a strong need to better characterize fine PM emitted from diesel-powered vehicles in other urban areas in Mexico and to evaluate the current emissions estimates using a combination of measurement and model-based techniques.
The US Environmental Protection Agency (EPA), the Coordinating Research Council (CRC), and several other US state agencies recently completed a field measurement program to evaluate exhaust PM emissions from medium and light-duty, gasoline-powered vehicles in the Kansas City Metropolitan Area (EPA, 2008) . The Kansas City study confirmed that PM emissions from light-duty gasoline-powered vehicles are higher than earlier predicted, and clearly showed the important effect of the variations of ambient temperature on PM start emissions. As an outcome from the Kansas City study, EPA has upgraded and vastly improved the PM emissions estimates in the Motor Vehicle Emissions Simulator version 2010a (MOVES2010a), currently the most advanced model for estimating on-road mobile emissions at national, state, county, and project level. The recently upgraded model MOVES2010a has also improved the PM emissions estimates from diesel-powered vehicles by incorporating new data from a large study of emissions from heavy-duty vehicles conducted by CRC (CRC, 2007) , which also includes deterioration effects on in-use diesel-powered vehicle emissions. MOVES2010a can also generate emissions estimates at multiple geographical scales, from national level to county or local level, and with high temporal resolution. As a result, MOVES2010a is currently the EPA recommended model for the development of emissions inventories in state implementation plans (SIP), as well as for preparing regional emissions estimates for regulatory and transportation conformity applications (EPA, 2010) .
Recently, federal and state governmental agencies from several urban areas in Mexico have started developing local emissions inventories, which include the estimation of emissions from mobile sources using bottom-up techniques. At the national level, the first comprehensive Mexican National Emissions Inventory (MNEI) for the year 1999 was released in 2006 (SEMARNAT, 2006 ; all of which need to be compiled or estimated by the federal, state, and local agencies. The emissions factors obtained are then combined with vehicle fleet population data and distributions of vehicle-kilometers traveled for the estimation of the emissions from mobile sources per vehicle type. The MOBILE6.2-Mexico model is based on results from measurements obtained using certification vehicles operating during prescribed driving cycles to simulate rural and urban road condition types, instead of using real world onroad driving conditions. In contrast, the MOVES2010a model now incorporates the results from recent research on in-use vehicles and trucks for the estimation of vehicle emissions by emissions processes (e.g., idling, exhaust, crankcase, starts).
In this study we investigate the effects of using MOVES2010a to estimate PM2.5 emission factors in the Mexican vehicle fleet and compare our results with the current PM2.5 emissions estimates in the 2005 MNEI. We show that the recent studies and updated model-based databases of PM2.5 emissions factors used for the development and evaluation of the MOVES2010a model can have significant impacts on the estimated PM2.5 emissions in the MNEI from mobile sources in Mexico. By identifying the main parameters that affect the PM2.5 emission estimations, the results can also be used to provide recommendations for developing on-road PM2.5 emission factors representative of the Mexican vehicle fleet.
Methodology

Experimental procedure
To assess the potential impacts of using the recently updated model-based databases in the estimation of PM2.5 emissions from mobile sources in Mexico, we have compared PM2. 
Models description
The input source data needed for using the MOBILE6.2-Mexico model included vehicle registration statistics, meteorological data, fuel characteristics, data from inspection and maintenance programs, and vehicle-kilometers traveled and travel-demand models for Mexican vehicle fleets that were compiled with information from federal, state, and local agencies for developing vehicle activity data. The model classifies the vehicle types by gross vehicle weight rating (GVWR) and by fuel type; for example: motorcycles (MC), light-duty diesel trucks (LDDT), heavy-duty diesel vehicles (HDDV), heavy-duty gasoline vehicles (HDGV), light-duty gasoline trucks (LDGT), and light-duty gasoline vehicles (LDGV) are some of the main vehicle classes used. The model requires further classification of these vehicle types by specific ranges of GVWR, resulting in indexed vehicle subtypes (e.g., LDGT1, LDGT2, etc.). Although MOBILE6.2 allows the estimation of emission factors for various emission processes (e.g., brake wear, tire wear, crankcase, well-to-pump, etc.), for consistency in our comparison with MOVES2010a we have included only the running exhaust emission processes that were used in MOBILE6.2-Mexico for PM2.5 emissions estimates in the 2005 MNEI.
Although both MOBILE6.2 and MOVES2010a models share the same basic concept of determining emission factors for various vehicle classes, they have very different approaches and levels of data-details needs. For example, the more detailed approach used in MOVES2010a allows users to incorporate a variety of activity data to better estimate emission differences such as those resulting from changes to vehicle speed, in-use deterioration rates, and meteorological conditions. In addition, MOVES2010a uses a different emission rate for each combination of vehicle source type, age group, and driving mode. As a result, MOVES2010a emission rates are based on driving modes that can account for different patterns of acceleration, cruising, and deceleration, as well as average speed, while MOBILE6.2 is based on aggregated driving cycles and only accounts for differences in average speed.
The different approaches and levels of data details used in MOBILE6.2 and MOVES2010a require transformations of input data into databases format. We achieved this by using the open source MySQL database management software, which required migrating the MOBILE6.2 input formats used in the 2005 MNEI to MOVES2010a input databases. For example, a major difference on input formats between both models is the way in which the vehicle types are classified. Whereas MOBILE6.2 classifies the vehicle types by GVWR and by fuel type, MOVES2010a categorizes the vehicles into 13 source types based on the vehicle classification scheme used in the Federal Highway Administration's Highway Performance Monitoring System (HPMS). This vehicle classification was chosen in MOVES2010a to make it easier to use state motor vehicle registration data and highway activity information. The vehicle type classification data input files in MOBILE6.2-Mexico format were transformed into equivalent databases in MOVES2010a format using the converting tools available at the EPA website (EPA, 2010).
The MOVES2010a model uses a graphical users interphase (GUI) for providing all the data input requirements within a run-specification (RunSpec) framework. The RunSpec allows the user to specify all the parameters that control a model scenario including: base calculation year, temporal data input distributions, geographical locations, spatial scale, type of pollutants, vehicle types, inspection and maintenance programs, fuel types, output options, and calculation type. For our analysis we used the "Inventory" model's calculation type, allowing us to perform calculations of the PM emitted mass within a region and time span for the selected pollutants, in contrast to the "Emission rates" calculation type that only allows to calculate the emissions mass rates by level of activity (distance traveled or energy) and emission process. The RunSpec, which we developed for running the emissions scenarios corresponding to the data inputs in the 2005 MNEI, also included urban and rural restricted and unrestricted access road types, as well as total mass of PM2.5 and PM10, for all vehicle types and gasoline and diesel fuel types. For this analysis, we have excluded the vehicle fleets powered by electricity, natural gas, and liquefied petroleum gas, as they represent only a very small fraction (< 1%) of the total vehicle fleets. Table I shows that all Mexican states still have gasoline and diesel fleets with large fractions of older vehicles. Noticeable, several northern Mexican states tend to have fleets with larger fractions of older gasoline-powered vehicles than the rest of the country. Except for the state of Tabasco, all Mexican states show fractions of diesel-powered vehicle fleets smaller than 7.7%. The data also indicates that the diesel-powered fleet is composed almost entirely of HDDV with only very small contributions of LDDT for all states. In turn, the fractions of gasoline-powered vehicles dominate compared to the rest of vehicle fleet type distributions. Most of the fractions of LDGV range between 40 and 60% of the overall vehicle fleet but there is large variability across states. Except for the Distrito Federal and Hidalgo, the fraction of LDGT fleets is similar in magnitude to the fraction of the LDGV fleet. The comparison suggests that the vehicle fleets in Mexico tend to have small fractions of diesel-powered vehicles and that gasoline-powered vehicles dominate the vehicle fleets with relatively high fractions of LDGVs followed by LDGTs. Table 1 . LDGV: Light-duty gasoline vehicles; LDGT1: Light-duty gasoline trucks subtype 1; LDGT2: Light-duty gasoline trucks subtype 2; HDGV: Heavy-duty gasoline vehicles; HDDV: Heavy-duty diesel vehicles; LDDT: Light-duty diesel trucks; MC: Motorcycles.
Results and discussion
The variability of PM2.5 emission factors by vehicle model year is a critical difference between the MOVES2010 and the MNEI-2005 model results that has an important effect on the overall PM2.5 emission estimates. Figures 2, 3 show the comparison between PM2.5 emission factors obtained using the two models for various gasoline and diesel-powered vehicle types. The analyzed emission factors represent "bulk" conditions for each vehicle type category, i.e. the model's capability to account for parameters that affect PM2.5 emissions under the prescribed inputs. Thus the variability among estimated bulk PM2.5 emission factors across Mexican states corresponds to the differences in key input data for each state including average vehicle speed, sulfur content, and meteorology.
The results show large differences in magnitude for PM2.5 emission factors between gasoline and diesel-powered vehicles. However, the observed lack of variability by model year in the 2005 MNEI PM2.5 emission factors indicates that a zero deterioration rate was assumed for the estimation of PM2.5 emissions, and that changes in PM2.5 emission factors due to technological improvements were not considered in the 2005 MNEI. In contrast, the PM2.5 emission factors estimated using MOVES2010a with the equivalent input data in the 2005 MNEI also show large variability among bulk PM2.5 emission factors across Mexican states, but with decreasing trends for all vehicle categories by model years. Also, the results indicate that PM2.5 emission factors of older vehicles are significantly higher than for newer vehicles in the MOVES2010a. This effect is observed for both diesel and gasoline-powered vehicles, but it is more pronounced for the gasoline vehicle fleet. The differences in decreasing trends between gasoline-powered and dieselpowered vehicles are consistent with long-term analysis of data obtained from tunnel studies, in which observed changes in emissions have been attributed primarily to improvements in vehicle technology (Ban-Weiss et al., 2008; Bishop and Stedman, 2008) .
With the exception of gasoline and diesel-powered passenger cars the comparison between MOVES2010a and MOBILE6.2 PM2.5 emission factors is not straightforward for various vehicle types because the vehicle type categories in MOVES2010a include vehicle population fractions of two or more MOBILE6.2 vehicle type categories (EPA, 2010) . Still the comparison shown in Figures 2, 3 is informative. For example, MOBILE6.2-Mexico PM2.5 emission factors from HDGV are 3-4 times higher than for LDGV, but both are within the range of the gasoline-powered passenger and light commercial trucks in MOVES2010a (Fig. 2) . Also, the PM2.5 emission factors from gasoline-powered passenger cars are much higher for older vehicles in the MOVES2010a compared to MOBILE6.2-Mexico estimates, but much smaller for the newer vehicles. For the diesel-powered vehicle fleet, the PM2.5 emission factors from LDDV and LDDT are higher than the corresponding estimates of diesel-powered passenger and light commercial trucks in MOVES2010a. However, the population fraction of LDDV and LDDT vehicle types is smaller than the population fraction of HDDV and very small compared to the overall Mexican vehicle fleet population distributions. The PM2.5 emission factors from HDDV8V (class 8 heavy-duty diesel vehicles) are within the range of the diesel-powered combination and single unit shorthaul trucks in MOVES2010a.
PM2.5 emissions
The results presented in Figures 2, 3 suggest that higher fractions of older vehicles would tend to increase PM2.5 emissions estimates using MOVES2010a with respect to the 2005 MNEI estimates. For example, since the age distributions of HDDV8V have high fractions of older vehicles the PM2.5 emissions from older vehicles would be underestimated for this vehicle type, whereas the PM2.5 emissions from newer diesel trucks would be overestimated with respect to MOVES2010a. However, the overall impact of these differences will vary depending on the vehicle population and age composition for each Mexican state fleet. As an example, Figure 4 shows a comparison of PM2.5 emissions for LDGV and HDDV8V vehicle categories for the Distrito Federal using the calculated MOVES2010a PM2.5 emission factors and the corresponding 2005 MNEI estimates. In both cases the MNEI PM2.5 emission estimates for older vehicles are largely underestimated with respect to MOVES2010a whereas the PM2.5 emissions estimates for newer vehicles are overestimated. Overall both effects are compensated and the total emissions estimates for the Distrito Federal are rather similar. However, data from the MNEI indicates that the vehicle age composition varies widely among Mexican states (e.g., the percentages of 1999 vehicles or older are 57.5 and 16.5% for the Distrito Federal and Michoacán, respectively), indicating that the overall impact of these differences will vary depending on the vehicle age composition for each Mexican state fleet.
These results are consistent with recent studies aimed at comparing model estimates of PM2.5 emissions between MOBILE6.2 and MOVES2010 by EPA. These comparative studies have shown that MOVES2010 provides higher estimates of PM2.5 emissions for both light and heavy-duty vehicles and for all of the US urban areas modeled (EPA, 2010; Claggett, 2010) . In those studies, Table 1. the differences in PM emissions estimates arise in part due to the substantial influence of vehicle speed (including idling), crankcase emissions, and temperature that are accounted differently in the two models. The results of the comparative analysis indicate that using MOVES2010a to estimate PM2.5 emissions from mobile sources in Mexico will increase the current emission estimates for older vehicles and decrease the estimates for newer vehicles obtained by using the MOBILE6.2-Mexico model. The inclusion of other emission processes (e.g., brake wear, tire wear, crankcase, well-to-pump, etc.) would further increase the differences in the overall PM2.5 emissions estimates.
It is important to identify the key parameters that affect PM2.5 emission estimates using the recent developments in MOVES2010a. An analysis of the data inputs used for estimating the PM2.5 emissions from mobile sources in the 2005 MNEI indicates that the average vehicle speed and temperature had the highest sensitivity on the MOVES2010a PM2.5 emission factors estimates. In general, PM2.5 emission factors were higher for higher average vehicle speeds, consistent with studies indicating higher PM emission rates observed under high engine load conditions (i.e., vehicle Table 1. speeds) (Kean et al., 2003; Cadle et al., 2007; Zavala et al., 2009b) . Similarly, recent studies are consistent with the observation that fine PM emissions increase with engine load for diesel-powered engines and that volatile fraction of fine PM decreases with increasing load (Ziemmann et al., 2002; Kwon et al., 2003) . This can be explained by the high fraction of unburned lubricating oil observed in the PM exhausts with respect to combustion oxidation products and unburned fuel. The 2005 MNEI used only a limited range of sulfur content in gasoline and diesel fuels. An average sulfur content of 300 or 500 ppm was assumed for all Mexican states, except for the Distrito Federal and the Estado de México with an average sulfur content of 244 ppm. Two additional sensitivity cases for the Distrito Federal were run to evaluate the possible effects of sulfur content in fuel in the MOVES2010a estimates. In the first scenario the average sulfur content in gasoline for the Distrito Federal was decreased from 244 ppm to 50 ppm; in the second scenario the average sulfur content in diesel was decreased from 500 ppm to 50 ppm (ultra-low sulfur diesel); the results are shown in Figure 5 .
The results from the first sulfur sensitivity scenario showed decreases of estimated PM2.5 emissions from gasoline-powered private cars in the range of 0.3-6.2% (average 2.2%), varying by vehicle model year. In the second sulfur sensitivity scenario, the PM2.5 emission factors for the diesel-powered vehicles were reduced in the range of 1.3-6.7% (average 3.4%). In both scenarios, the higher/lower decreases occurred in the newer/older vehicle types, but this may change for fleets with different vehicle age composition. Due to its role in varying the rates of nucleationcondensation processes, sulfur content in fuel and lubricating oil can also have an important role in the mass and number of fine PM emitted from mobile sources. Overall, studies have consistently reported that the presence of sulfur in fuel and lubricating oil increase the mass of emitted fine PM, but their size distributions vary depending on the availability of organic and soot fractions in the exhaust (Vaaraslahti et al., 2005; Ristovski et al., 2006) . Although sulfate typically constitutes a small fraction of total emitted fine PM (particularly for diesel-powered vehicles without a diesel particle filter), the presence of sulfur in the fuel increases the total mass of fine PM emitted due to increases in the rate of nucleation-condensation processes. Nucleation of H 2 SO 4 particles in the exhaust may be favored by extreme dilution after leaving the vehicle, and organic compounds may condense on the sulfate particles. We have performed sensitivity scenarios for estimating the effects on PM2.5 emissions due to changes in average ambient temperature in the range of 6-17 ºC. The results indicated linear decreases of PM2.5 emissions from gasoline powered vehicles by increasing temperature, but no changes on estimated PM2.5 emissions from diesel powered vehicles. The linear increases on PM2.5 were in the range of 4.2-5.5% change on emissions by 1 degree. However, these temperature effects on PM2.5 emissions had very limited variations by vehicle model year. The model showed no sensitivity effects on PM2.5 emissions from diesel powered vehicles to changes in average relative humidity.
These results highlight the importance of continuous improvement in gathering local data on key input parameters during the estimation of PM2.5 emissions for mobile sources. The PM2.5 emission factors estimates will strongly benefit from the use of locally-representative validated input parameters that can be obtained from combined measurements-based and model-based studies. It is also important to implement "top-down" evaluations of PM2.5 emissions estimates in emissions inventories developed for major urban areas in Mexico other than Mexico City. Controlled, dedicated studies for the measurement-based evaluations of PM2.5 emission factors estimated in current mobile emissions models can reduce the uncertainties during the estimation of PM2.5 emissions from mobile sources in Mexico. Due to their higher emission rates and their large population fractions in the Mexican vehicle fleets, this evaluation should be preferentially directed towards the measurement of PM2.5 emission factors of older vehicles for both gasoline and diesel-powered vehicles. 
Conclusions
In this study we present results of the evaluation of possible impacts of recent studies and modelbased databases of PM2.5 emissions factors for their potential use in estimating PM2.5 emissions from mobile sources in Mexico. A literature review of studies on emissions from mobile sources in Mexico indicates that there is a large gap of measurements and information on emissions from vehicle fleets in most urban areas of the country, and that most of the information gathered has focused on the gas-phase emissions from gasoline-powered vehicles. Therefore, there is a strong need for a better understanding of the characteristics of fine PM emitted from diesel-powered vehicles in major urban areas in Mexico.
Comparison of the vehicle fleet characteristics shows that gasoline-powered vehicles dominate over the diesel-powered vehicle fleets with relatively high fractions of LDGVs followed by LDGTs in Mexican fleets. Mexican vehicle fleets have relatively higher fractions of older vehicles and large variability across Mexican states. The data also suggests that gasoline-powered vehicle fleets in Mexico have relatively high fractions of vehicles without emission control technology.
The results suggest that higher fractions of older vehicles would tend to increase PM2.5 emissions estimates using MOVES2010a with respect to the 2005 MNEI estimates. However, the overall impact of these differences will vary depending on the vehicle population and vehicle age composition for each Mexican state fleet, with PM2.5 emissions being underestimated for older vehicles whereas PM2.5 emissions estimates for newer vehicles would be overestimated. The effects are primarily driven by the higher PM2.5 emission factors from the gasoline-powered vehicles and by high fractions of older gasoline and diesel vehicles. The inclusion of other emission processes (e.g., brake wear, tire wear, crankcase, well-to-pump, etc.) would further increase the differences in the overall PM2.5 emissions estimates. The estimated MOVES2010a PM2.5 emission factors for Mexico were particularly sensitive to vehicle speed, ambient temperature and sulfur content.
